Introduction
Solid oxide fuel cell (SOFC) has advantages including high efficiency power generation by operation at 500-1000 • C, which results in a low environmental load. Moreover, SOFCs provide high quality waste heat, and the use of hydrocarbon fuels such as city gas, liquefied petroleum gas, and alcohol is relatively easy. However, for practical use, optimization of the electrode and electrolyte materials and the structure of the cell are required to improve the performance. In addition, optimization of the operation conditions and improvement of cell durability need to be addressed. Mass transfers of the fuel and oxygen at the anode and cathode, respectively, greatly affect the cell performance by giving rise to the concentration overpotentials which result in the voltage loss of the cell. The concentration overpotentials including the Nernst loss by the fuel and oxygen depletions in the cell (Li, 2007; Morita et al., 2002 ) also affect the cell durability since they cause current distribution which leads to temperature distribution in the cell and anode oxidation. The current distribution also prevents effective use of whole electrode areas in a cell geometry. This chapter describes the concentration overpotentials and current distribution in an intermediate temperature anode-supported microtubular SOFC which can be operated in the temperature range of 500-800 • C (IT-SOFC) with an analysis by electrochemical impedance spectroscopy (EIS) and cell surface temperature measurements. EIS has been widely employed for the analysis of fuel cells. In particular, the author's group has developed diagnosis methods of operating status of the polymer electrolyte fuel cell (PEFC) by analyzing the variation of resistances and capacitances of equivalent circuit models of the PEFC (Konomi & Saho, 2006; Nakajima et al., 2008) . For the SOFC, a number of EIS analyses have been reported (Barsoukov & Macdonald, 2005; Esquirol et al., 2004; Horita et al., 2001; Huang et al., 2007; Ishihara et al., 2000; Jiang, 2002; Leonide et al., 2010; McIntosh et al., 2003) . Although many of those reports focused on the characterization of developed materials, there were very few reports (Barfod et al., 2007) that analyze each impedance of the anode and cathode in the full cell impedance of a practical cell simultaneously and separately by applying EIS under operation.
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www.intechopen.com EIS with two-electrode set-up on the practical microtubular IT-SOFC was thus carried out. To evaluate the impedance variation of each part of the cell under operation, gas feeding conditions for the anode and cathode were varied. In addition, very few experimental studies on current distributions in a cell that lead to temperature distributions have been reported to date, although a number of computational analyses have been reported (Campanari & Iora, 2004; Costamagna & Honegger, 1998; Kanamura & Takehara, 1993; Nishino et al., 2006; Suzuki et al., 2008) . Thus the current distributions are estimated by using the overpotentials evaluated with EIS.
Experimental

EIS measurements
All measurements were performed using an anode-supported microtubular SOFC (Kawakami et al., 2006) with an outer and an inner diameters of 5 mm and 3 mm, respectively. The thickness of the electrolyte was 30 µm (Ueno, 2005 (LSGM) . A layer of (Ce 0.6 La 0.4 )O 1.8 (LDC40) was inserted between the anode interlayer and electrolyte to prevent undesirable nickel diffusion during cell preparation at high temperature. Cathode made of (La 0.6 Sr 0.4 )(Co 0.2 Fe 0.8 )O 3 (LSCF), whose length in the axial direction was 3.8 cm, was coated on the electrolyte. Geometrical electrode area was 5.9 cm 2 . Figure 1 illustrates the configuration of the experimental set-up. Temperature of the quartz tube having an inner diameter of 4.6 cm was maintained at 700 • C with an electric furnace. Anode and cathode gas lines were supplied with mixtures of H 2 /N 2 and O 2 /N 2 at constant flow rates, respectively. The anode NiO was reduced to Ni by feeding H 2 /N 2 mixture gas for two hours prior to measurements. The anode and cathode were electrically connected with the four-terminal method. Current-voltage (I-V) curves were measured with a potentio/galvanostat (HA-320, Hokuto Denko Co., Ltd) and mass flow controllers (SEC-40, Horiba STEC) controlled by LabView 8.5 (National Instruments Inc.) on a personal computer through a data acquisition board (NI USB-6008, National Instruments Inc.). ElS measurements were carried out using a frequency response analyzer (FRA) (DS-2100/DS-266/DS-273, Ono Sokki Co Ltd.) combined with the potentio/galvanostat. EIS was carried out with two-electrode set-up without the reference electrode. An equivalent circuit presented in Fig. 2 (Barsoukov & Macdonald, 2005; McIntosh et al., 2003) is used for the complex nonlinear least square (CNLS) fitting (Barsoukov & Macdonald, 2005) of obtained impedance spectra with excluding inductive part. Each resistance and capacitance is evaluated with a CNLS fitting program, Z-View (Scribner Inc.). In this circuit, R hf and C hf denote resistance and associated capacitance corresponding to the high frequency arc in the complex-plane plot of the impedance, respectively, R Ohm is the Ohmic resistance of the cell, R lf and C lf are resistance and associated capacitance for the low frequency arc, respectively. Each one of the R-C branches dominantly represents the charge transfer process in low current density region, and mass transfer process in high current density region. In the present chapter, the equivalent circuit is not separated into the charge and mass transfer processes since the complex plane plots exhibited only two arcs, whose behavior should be analyzed with simple one R-C branch prior to appropriate separations of overlapping arcs and equivalent circuit. The Nernst loss by the partial pressure gradient of hydrogen and oxygen ascribed to their consumption leads to current distribution in the axial direction. Ohmic resistance in the anode and cathode electrodes is also attributed to this current distribution. However, the author use the above equivalent circuit for uniform current distribution to obtain average behavior over the axial direction of the cell. As a result, the variations in these circuit parameters are obtained in accordance with current densities, and anode and cathode gas-feed conditions. In addition, the impedance of the mass transfer process can be analyzed as that of the finite length diffusion (Nakajima et al., 2010) . 
Temperature measurements
During the measurements, anode and cathode were fed upward with mixtures of H 2 /N 2 and dried air at constant flow rates with current density, respectively. Temperatures at the upper, middle, and lower parts in the axial direction of the anode and cathode surfaces were measured by thermocouples. The cathode side thermocouple tip was fixed with silver paste and wire to retain contact and to minimize radiation heat transfer at the thermocouple with their low emissivity. The changes of the cell voltages by the installation of the thermocouples were less than 3%. Figure 3 shows the I-V curves for the different anode fed gas flow rates and gas compositions. The performance of this type of the cell significantly depends on the fuel utilization and the partial pressure, indicating the effect of the fuel mass transfer. The resistances in the equivalent circuit can be written as the derivatives of the anode, Ohmic, and cathode overpotentials because EIS measures voltage drops in an infinitesimal interval of the current (Konomi & Saho, 2006; Nakajima et al., 2005) . The resistances are non-Ohmic resistance and depend on current density (Nakajima et al., 2006) . Overpotentials are hence calculated by integrating each resistance with respect to current as follows.
Results and discussion
Evaluation of overpotentials from EIS spectra
where x = hf, Ohm, lf. Each overpotential is then evaluated by integration of those resistances as follows. Figure 4 shows the complex plane plots by EIS, where low frequency arc becomes large according to a decrease in hydrogen partial pressure by variation of the anode gas flow rate from H 2 /N 2 = 40/40 cm 3 min −1 (1atm, 25 • C) to 40/160 cm 3 min −1 . Change of high frequency arc is small. In the previous study, the high and low frequency arcs have been found to be attributed to the cathode and anode reactions, respectively, in the low and medium current regions, from the variation of the arcs with anode and cathode gas feeding conditions (Nakajima et al., 2010) . Hence anode and cathode impedances can be separated for a cell with two electrode set-up (without the reference electrode) by frequency domain when the time constant (relaxation time) sufficiently differs between the anode and cathode as the present cell. 
Anode overpotentials
The anode and cathode activation overpotentials, η aa ,andη ca , respectively, are then separated using the Butler-Volmer (BV) equation as illustrated in Fig. 8 . Thereby the concentration overpotential of the anode, η ac , is also separated by subtracting the anode activation overpotentials from the anode overpotentials as presented in Figs. 9 and 10. It should be noted that the overpotential described by the BV type equation is controversial in terms of the electron transfer rate limiting (the activation overpotential) or chemical reaction rate limiting process.
The separation of the overpotentials is successfully confirmed by the observation of the overpotential variation in conjunction with the variation of the anode gas flow rate and composition. When hydrogen partial pressure in the fed gas is decreased, the activation overpotential also increases owing to the decrease in the exchange current density. In this way, EIS can be used to diagnose the cell status under operation. The Nernst loss due to the fuel partial pressure gradient along the axis by the fuel consumption contributes the large anode concentration overpotential as indicated from the diffusion impedance in the previous report (Nakajima et al., 2010) . This Nernst loss results in current distribution along the axis as described in later section. 
Cathode overpotentials
At the cathode, the oxygen utilization was rather smaller than fuel utilization according to practical operation conditions. So, the Nernst loss from the oxygen concentration gradient along the axis is small in contrast to the anode. In the low and medium current regions, the concentration overpotential at the cathode is almost negligible and the activation overpotential is observed as shown in Figs. 6 and 7. However, the large current region in the case of large hydrogen flow rate, decrease in the oxygen partial pressure of the fed gas in the cathode side leads to an increase in the diameter of the low frequency arc of the complex plane plot, that is R lf , as seen in Fig. 11 . Thus the oxygen mass transfer impedance is included in the low frequency arc. Hence η lf increases with a decrease in the oxygen partial pressure in the fed gas as shown in Fig. 12(a) . Assuming that the cathode concentration overpotential is zero when oxygen gas is fed, it can be separated by subtracting η lf for oxygen gas from η lf for other oxygen gas partial pressures as presented in Fig. 12(b) . This is so-called O 2 gain with reference to the case of oxygen gas. Then the concentration overpotential at the cathode is analyzed in the light of the oxygen transfer at the cathode surface boundary layer. The author calculates the concentration overpotentials from the convective mass transfer using the Sherwood numbers for forced and natural convections for the cells having two different diameters in the cylindrical quartz tube. Then the calculated overpotential is compared with that derived from the EIS measurements.
In analogy with the Nusselt number, Nu, for the circular-tube annulus (Kays & Perkins, 1985) , the Sherwood number, Sh,is
where h O 2 and D O 2 represent the mass transfer coefficient and the binary molecular diffusivity of O 2 , respectively. D O 2 can be calculated from reported values at low temperatures on the basis of the Chapman-Enskog model (Bird et al., 2007) . D e is the hydraulic diameter, D o − D i , difference between the outer and inner diameters of the circular-tube annulus. In the present case, D o and D i are the diameters of the quartz tube and the cell, respectively. In the case of forced convection, known Nu for fully developed laminar flow (Kays & Perkins, 1985) is used as Sh.
In the case of natural convection with laminar flow, in analogy with Nu for vertical fluid layer (Churchill, 1983) ,
where
l is the cathode axial length. ρ * and ρ el are the densities of the fed and cathode surface gas, respectively, r o and r i are the radii of the quartz tube and the cell, respectively. ν is the kinematic viscosity of air. In the present chapter, h O 2 at ρ el of fed nitrogen density is used for simplification. Oxygen flux, J O 2 is expressed as
where C b and C el O 2 are oxygen concentrations in the fed gas and at the cathode surface, respectively. In the case of natural convection, the mass transfer coefficient is compensated with the average radius, r m ,bymultiplyingr m /r i =(r o − r i )/r i ln(r o /r i ) (Churchill, 1983) 
Here, η cc is derived as the O 2 gain with the second term in the right-hand side for O 2 gas having negligibly small value. As presented in Fig. 13 , the concentration overpotentials measured from EIS are larger than that calculated for forced convection and smaller than that for natural convection. Despite that h O 2 for natural convection is overestimated for simplification, the concentration overpotentials measured are smaller than those for natural convection. The cathode concentration overpotentials in the present experimental set-up are thus determined by the mass transfer in the transition region between forced and natural convections. Figure 14 shows the measured and calculated cathode concentration overpotentials for the cell having twice the diameter (Ishihara et al., 2009; Watanabe et al., 2010) . The concentration overpotential is larger as predicted from the Sherwood numbers of Eq. 3. The concentration overpotentials measured from the EIS are also between those calculated for forced and natural convections. In this way, the cathode concentration overpotential can be related with the Sherwood number. This is useful for actual SOFC systems because the Sherwood number can be determined for the structure of a cell, alignment of the cells in a stack, and gas feed conditions in the actual systems. 
Current distribution in the cell derived from surface temperature measurements
In this section, current distribution in the axial direction of the cell by the fuel consumption is estimated by comparing the measured and calculated cell surface temperatures on the basis of the derivation of the relation between current (heat production rate) and cell temperature. This relation is derived using the anode, Ohmic, and cathode overpotentials evaluated in the previous section.
Heat production rates at the anode and cathode
Rates of irreversible heat production ascribed to the overpotentials are calculated by the product of the overpotentials and current as follows.
The author regards the heat production associated with the Ohmic overpotential as that originating in the electrolyte. Figure 15 (a) presents the irreversible heat production rates at the respective parts of the cell calculated from the overpotentials.
Heat production rate (Js Reversible heat production with the entropy received reversibly by the anode, the electrochemical Peltier heat at the anode, is then derived from the entropy balance at the anode. The entropy balance for the anode reaction
is expressed as follows on the basis of the local equilibrium hypothesis (Kjelstrup & Bedeaux, 1997; Nakajima et al., 2004) .
where π a /T and S O 2− denote the entropies reversibly received by the anode and transported by O 2− in the electrolyte, respectively. π a corresponds to the single electrode Peltier heat. S H 2 , S H 2 O are the entropies consumed by the formations of H 2 and H 2 O, respectively. Here the entropy transported by electrons at the electrode is neglected since its value in metal is negligibly small compared with the other terms in general (Moore & Graves, 1973; Vedernikov, 1969) . In this section, T and F have their common meanings. Because S O 2− in the LSGM has not been reported, that in (ZrO 2 ) 0.92 (Y 2 O 3 ) 0.08 (YSZ) obtained by thermoelectric power measurement (Ahlgren & Willy Poulsen, 1994 ) is applied. Then S H 2 and S H 2 O are obtained from those at 1 atm in thermodynamic data. Here, partial pressures of H 2 and H 2 O are calculated from the ratio of molar flow rate of the product water to that of fed gases. For this calculation, 50 -75 % of total current is assumed between the inlet and midpoint of the anode tube according to hydrogen utilization to estimate the amounts of the product water and remaining hydrogen at the midpoint, considering current distribution along the axial direction owing to the Nernst loss. Strictly speaking, this partial pressure terms should be excluded for the calculation of total heat production since those terms are included in the measured overpotential as the Nernst loss. The entropy received by the cathode is also derived from the entropy balance between the formation of O 2 and transport of O 2− .
The relation between current and reversible heat production rates of the anode and cathode are given from the product of the Peltier heats and current as presented in Fig. 15(b) . Since the total heat production rates at the anode, q a , and cathode, q c , are expressed as the sum of the heat production rates associated with the overpotentials and the single electrode Peltier heats as follows,
the total heat production rates at the respective parts of the cell are shown in Fig. 15(c) . These heat production rates seem to represent those in the middle part of the cell (Nakajima et al., 2009 ). The heat production rate at the cathode is significantly large compared with those at the anode and electrolyte. The heat absorption by the single electrode Peltier heat associated with current can be seen at the anode. By substituting the total heat production rates per unit volume into the heat conduction (energy balance) equations for the constitutive layers and integrating the differential equations with boundary conditions between the layers and at the surfaces, temperatures at the anode and cathode surfaces can be evaluated.
Relation between the surface temperature and local current
Assuming uniform heat flux in the axial direction and temperature in the circumferential direction, the energy balance (the heat conduction) equation at steady state of the anode, electrolyte and cathode layers reduces to
Here, r, T, λ,andV are the radial coordinate, temperature, thermal conductivity, and volume of each layer, respectively. The subscripts, x = a, el (Ohm), c represent the anode, electrolyte and cathode layers. The radiation heat transfer is also assumed to be negligible owing to metallic cathode current collector layer (Nakajima et al., 2009 ). Integration of this simplified equation yields the relation between the local current density and temperature in the anode and cathode (Nakajima et al., 2009 ). The heat fluxes at the boundaries give the following boundary conditions.
where the subscripts, "c,s" and "c-el" represent the cathode surface and cathode-electrolyte boundary, respectively. h fu and h air denote the heat transfer coefficients at the anode and cathode surfaces, respectively. T fu and T air are temperatures of fed gases in the anode and cathode sides, respectively, which equal to the cell surface temperature at zero current. The thermal conductivities of the anode and cathode layers are effective values obtained from those of gas phase and materials with the common mixture law in porous media. The above heat transfer coefficients are calculated by the Nusselt numbers for fully developed laminar flow of forced convection in a circular tube annulus (Kays & Perkins, 1985) . The Nusselt numbers on the anode and cathode are 3.66 and 11.3, respectively for the present experimental set-up. Here, the thermal conductivity of the anode gas, λ fu , is estimated from a partial-pressure-weighted average of individual thermal conductivities of fed gases and the product water. Thus λ fu varies with current according to the amounts of the product water and remaining hydrogen. Substituting these heat production rates into Eq. 15, the author derives the relation between the local current density and temperatures at the surfaces of the anode and cathode using thermal conductivities presented in Table 1 .
Materials and gases
Anode (Effective value) (Wang et al., 2009) Table 1 . Thermal conductivities of the materials and gases in the SOFC.
Thereby the current density at each part can be determined so that the surface temperature calculated at each part of the anode and cathode is identical with the measured temperature.
In the present study, overpotentials are regarded as uniform in the axis direction because the voltage between the upper and lower ends of the cathode was smaller than 50 mV. In the above analysis, the sensitivity of the derived temperatures to the heat transfer coefficient at the anode surface is rather larger than that to the heat transfer coefficient at the cathode surface and the other thermal conductivities. That is, the contributions of hydrogen partial pressure due to the large thermal conductivity and of anode-supported tube design are significant. Figure 16 shows the surface temperatures of the cell measured at anode gas flow rates of H 2 /N 2 = 40/40, 40/160 cm −3 min −1 and a cathode flow rate of dried air of 1000 cm −3 min −1 . In this case, the cathode concentration overpotential is not significant. The temperatures increase with an increase in the cell average current density. The increase in the temperature at the lower parts (upstream) of the anode and cathode are largest. The temperature distributions represent the current density distributions. With an increase in the cell current, the surface temperature of the anode becomes higher than that of the cathode, especially at the upper part (downstream). This is probably ascribed to the temperature rise of the anode gas from the upstream to the downstream along the axis. Thus the cathode surface temperatures calculated and measured are compared to determine the local current densities at the upper part. In the author's previous report, this anode gas temperature effect was overestimated, so that the current densities derived at the upper part were extremely small (Nakajima & Kitahara, 2011 ). The local current densities determined are plotted against the total current in Fig. 17 . The current density decreases with the decrease in the hydrogen partial pressure in the fed fuel in accordance with an increase in the average anode activation and concentration overpotentials in the previous section. Hence the current distributions exhibited in the cell are probably ascribed to the hydrogen consumption in upstream. In particular, the current density at the upper part is small in both cases, which shows that the upper part does not effectively take part in the power generation. The higher hydrogen partial pressure results in significantly larger current in the lower part with increasing the temperature and decreasing the overpotentials there. Thus the current distribution is enhanced although the cell power output is increased. Figure 18 shows the local I-V characteristics. The current distribution seems to be attributed mainly to the concentration overpotential, which also indicates the Nernst loss by the hydrogen consumption in the upstream. The higher temperatures at the lower part also would decrease the Ohmic and activation overpotentials. Total currents calculated by the integration of linearly interpolated local current densities along the axis agree well with the measured current as shown in Fig. 19 . Hence the local current densities obtained in the present study are reasonable. 
Local current densities
Conclusion
In this chapter, EIS analysis clarifies the concentration overpotentials determined by the fuel and oxygen transfers in an intermediate temperature anode-supported microtubular SOFC. Current distribution in the cell by the Nernst loss due to the fuel partial pressure gradient along the axis of the cell is also described from surface temperature measurements. These results give the information for the optimization of the cell structure, cell alignment in the stack and operation conditions to decrease the anode concentration overpotential including the Nernst loss, for effective use of the whole electrodes in the cell, and to improve the durability of the cell by more uniform current and temperature distributions.
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